This paper characterizes the physical and kinematic properties of external massive star-forming regions in a sample of (U)LIRGs. We use high angular resolution ACS images from the Hubble Space Telescope (HST) in F435W (∼ B) and F814W (∼ I) bands, as well as Hα-line emission maps obtained with integral field spectroscopy. We find 31 external Hα-emitting (i.e., young star-forming) complexes in 11 (U)LIRGs. These complexes have in general similar sizes (from few hundreds of pc to about 2 kpc), luminosities (M F435W < -10.65 and L(Hα)>10 39 L ⊙ ), and metallicities (12 + log (O/H) ∼ 8.5-8.7) to extragalactic giant HII regions and TDG candidates found in less luminous mergers and compact groups of galaxies. We assess the mass content and the likelihood of survival as TDGs of the 22 complexes with simple structures in the HST images based on their photometric, structural, and kinematic properties. The dynamical tracers used (radius-σ and luminosity-σ diagrams) indicate that most of the complexes might be self-gravitating entities. The resistance to forces from the parent galaxy is studied by considering the tidal mass of the candidate and its relative velocity with respect to the parent galaxy. After combining the results of previous studies of TDG searches in ULIRGs a total of 9 complexes satisfy most of the applied criteria and thus show a high-medium or high likelihood of survival, their total mass likely being compatible with that of dwarf galaxies. They are defined as TDG candidates. We propose that they probably formed more often during the early phases of the interaction. Combining all data for complexes with IFS data where a significant fraction of the system is covered, we infer a TDG production rate of 0.3 candidates with the highest probabilities of survival per system for the (U)LIRGs class. This rate, though, might decrease to 0.1 after the systems in (U)LIRGs have evolved for 10 Gyr, for long-lived TDGs, which would imply that no more than 5-10% of the overall dwarf population could be of tidal origin.
Introduction
The question of how galaxies form has been a key issue in extragalactic astronomy for the past few decades. One product of galaxy formation observable primarily in the local universe is the dwarf galaxy population, that usually forms in tidal tails during interactions of giant galaxies up to the present day. These galaxies are now generally called tidal dwarf galaxies (TDGs; Duc & Mirabel 1998) .
The scenario of low-mass galaxy formation during giant galaxy collisions was first proposed by Zwicky (1956) despite a lack of strong observational evidence, which was provided later (Schweizer 1978) . Subsequent observations (Mirabel et al. 1991; Hernquist 1992 ) and numerical simulations (Barnes & Hernquist 1992; Elmegreen et al. 1993) demonstrated that the existence of dwarf galaxies as a result of a major interaction is possible. Since then and up until now, several observing campaigns have been launched in interacting systems, such as those in NGC 2782 (Yoshida et al. 1994) , Arp 105 (Duc & Mirabel 1994; Duc et al. 1997) , NGC 7252 (Hibbard et al. 1994) , NGC 5291 (Duc & Mirabel 1998; Higdon et al. 2006) , Arp 245 , small samples (Weilbacher et al. 2000 (Weilbacher et al. , 2003 Knierman et al. 2003; Monreal-Ibero et al. 2007) , and Arp 305 (Hancock et al. 2009 ). Hibbard & Mihos (1995) also developed a successful dynamical N-body model of NGC 7252. Some other investigations have tried to find TDGs specifically in compact galaxy groups (e.g., Hunsberger et al. 1996; Iglesias-Páramo & Vílchez 2001; Temporin et al. 2003; Nishiura et al. 2002) .
All spectroscopic observations of TDGs have shown that the luminosity-metallicity correlation found for normal dwarf galaxies does not hold for TDGs. While dwarf galaxies have lower oxygen abundances at lower luminosities, TDGs have an approximately constant metallicity of around one-third of the solar value as determined from gaseous emission lines (see e.g., Duc et al. 2000; Weilbacher et al. 2003) .
The identification of the observed TDG candidates as real galaxies is not straightforward. They are embedded in a tidal tail and, most probably, do not have massive dark matter halos. Tidal forces produced by the parent galaxy disturb their gravitational field, strong star formation might blow away the recently accreted gas, and some of the TDGs may even fall back into the central merger (Hibbard & Mihos 1995 ). An accepted definition that tries to ensure that only the objects that we refer to as tidal dwarf galaxies deserve the classification of a "galaxy" is: A tidal dwarf galaxy is a self-gravitating entity of dwarf-galaxy mass built from the tidal material expelled during interactions Weilbacher & Fritze-v. Alvensleben 2001) .
Taking into account evaporation and fragmentation processes as well as tidal disruption, Duc et al. (2004) suggested that a total mass of as high as 10 9 M ⊙ may be necessary for it to become a long-lived TDG. This is the typical mass of the giant HI accumulations observed near the tip of several long tidal tails. Less massive condensations may evolve, if they survive, into objects more similar to globular clusters. However, this mass criterion is not well-established, and objects with a total mass of a few 10 7 -a few 10 9 M ⊙ are normally considered as TDG candidates.
Interacting systems (and remnants) constitute the optimal environment for finding TDGs. Although many studies devoted to searching and characterizing TDGs in nearby interacting systems have been carried out in the past few decades, only a few searches for TDG candidates have been performed to date in the most energetic interacting systems in the local universe, luminous (LIRGs) and ultraluminous (ULIRGs) infrared galaxies.
The (Sanders & Mirabel 1996) . The main source of this luminosity in most of them is thought to be starburst activity (Genzel et al. 1998; Farrah et al. 2003; Yuan et al. 2010 ). These galaxies are rich in gas and dust, and more than 50% of LIRGs and most ULIRGs show signs of being involved in a major interaction/merger (e.g Surace et al. 1998 Surace et al. , 2000 Cui et al. 2001; Farrah et al. 2001; Bushouse et al. 2002; Evans et al. 2002; Veilleux et al. 2006) .
On the basis of previous studies of nearby interacting galaxies, TDGs are normally identified as extreme star-forming regions in tidal tails. Owing to the high star-formation rates measured in (U)LIRGs and the interacting nature of many of them, we expect to find a significant number of candidates in this environment. Previous studies of TDGs in ULIRGs include: one of the Superantennae (Mirabel et al. 1991) , whose TDG candidate turned out to be a background object (Mirabel et al. 1991) ; that of four ULIRGs, where only three TDG candidates were identified (Mihos & Bothun 1998) ; and another of nine ULIRGs where, in five of them, a total of twelve TDG candidates were identified based on their Hα-emission (Monreal-Ibero et al. 2007 ). This third work also studied the likelihood that the TDG candidates will survive, and found that five out of the twelve show high probabilities of their remaining a TDG. This paper extends the previous study of Monreal-Ibero et al. (2007) by including galaxies in the LIRG class.
A study of TDGs in the local universe is issential to aid our understanding of galaxy formation at high-z. If TDGs, which form from tidal debris, are long-lived, they could contribute significantly to the total population of dwarf satellites, in addition to primordial dwarfs. Their statistical properties would then have to be modified and the available constraints on cosmological models would have to be updated. Early studies showed that this is the case, even that the overall dwarf population could be of tidal origin (Okazaki & Taniguchi 2000) . However, it has been claimed that only a marginal fraction (less than 10%) of dwarf galaxies in the local universe could have a tidal origin (Bournaud & Duc 2006; Wen et al. 2011; Kaviraj et al. 2011) . The (U)LIRGs are major contributors to the star-formation rate density at z∼1-2 (Pérez- González et al. 2005) . In addition, the observed properties of (U)LIRGs share many similarities with populations of star-forming galaxies at higher redshifts (Chapman et al. 2003; Frayer et al. 2003 Frayer et al. , 2004 Engel et al. 2010) . Hence, the study of the local (U)LIRG population provides an opportunity to link the properties of high-z galaxies with those we observe in the nearby universe.
In particular, they can be the key to understanding how dwarf galaxies form in the early Universe.
In this paper, we characterize the extranuclear star-forming regions of a sample of local (z < 0.1) (U)LIRGs using information derived from integral field spectroscopy (IFS) data together with that of high resolution images from the Hubble Space Telescope (HST ) in the B and I photometric band. We perform a dedicated search for potential TDG candidates in local (U)LIRGs. We derive and compare candidate properties such as the metallicity, age, and mass of the young stellar population, Hα luminosity, dynamical mass, velocity dispersion, relative velocity etc., with those of TDG candidates in the literature. We use these properties to estimate the likelihood of the survival of these regions as future TDGs.
The paper is organized as follows. We first describe the sample in section 2. The photometric and spectroscopic data are presented in section 3. We then identify and characterize the luminosities, colors, metallicities, etc. of extranuclear Hα-emitting complexes in 4. In section 5, we select the complexes that are most likely to constitute TDG candidates and discuss their total mass content and the likeliness of the survival of these regions as future TDGs, and the implications for the formation of TDGs at high-z. Finally, we draw our conclusions in section 6.
The sample
The galaxies selected for this study were taken from a representative sample of 32 low-z both luminous and ultraluminous infrared galaxies, (U)LIRGs, presented in Miralles-Caballero et al. (2011) (hereafter MC11) . It covers the luminosity range 11.39 ≤ L IR ≤ 12.54 and the distance range from 65 to about 550 Mpc. It also spans all types of nuclear activity, with different excitation mechanisms such as LINER (i.e., shocks, strong winds, weak AGN), HII (star formation), and Seyfert-like activity (presence of an AGN). Finally, all the different morphologies usually identified in these systems are also sampled.
The main purpose of the paper is to combine photometric and spectroscopic data to perform a physical characterization of the most luminous extranuclear Hα-emitting regions in these galaxies. Therefore, we selected systems for which IFS data was available at the moment of analysis, that is a total of 27 systems. As explained in section 4.1, regions of interest were selected as any high surface brightness compact region (Hα clumps) in the emission line maps (obtained from the IFS data) at a projected distance from the nucleus of the galaxy greater than 2.5 kpc, and associated with one or several of the star-forming regions (knots) in the images taken with the Advanced Camera for Surveys (ACS), onboard the Hubble Space Telescope (HST). On the basis of these criteria Hα-emitting complexes have been identified in 11 systems. We did not identify other complexes in the remaining sample basically for two reasons: (1) based on the above criteria, in some systems knots are detected but no Hα emission is found in the outskirts in the Hα line map (e.g., in IRAS 22491-1808); (2) the field of view (FoV) covered by the IFS data is not large enough to encompass the full extent of some systems. Hence, the nature of blue knots along the tidal tail and at its tip, where TDGs are normally found, cannot be assessed using the IFS data.
Therefore, the final sample consists of 11 systems with at least one region of interest (see table 1), or more precisely 7 LIRGs and 4 ULIRGs. For completeness, we also include in our tables the results of Monreal-Ibero et al. (2007) for IRAS 16007+3743, for which an image in the B photometric band was unavailable. According to the classification scheme defined in MC11, IRAS 04315-0840, IRAS 08355-4944, IRAS F10038-3338, and IRAS 15250+3609 are in an advanced phase of a merger (merger phase) where the nuclei have apparently coalesced. However, the tails are still recognizable in the images, in some cases very prominently. The rest of the systems are in earlier stages of the merging process, first contact of pre-merger phases, according to the classification scheme we use.
The data
The results presented in this paper are based on photometric and spectroscopic data. In the following, we give the details of both sets.
HST imaging
We retrieved high angular resolution archival HST images taken with ACS in two broad-band filters, F814W and F435W. The former is equivalent to the ground-based Johnson-Cousins I and the latter differs from the ground-based Johnson-Cousins B between 7% and 12% in flux (Sirianni et al. 2005) . The pixel size for this instrument is 0.05 ′′ , and given the FoV of the instrument (200 ′′ × 200 ′′ ) the galaxies and their tails in the I photometric band are completely covered. More details about the observations and the post-calibration applied can be found in MC11.
Complementary images from the Near Infrared Camera and Multi Object Spectrometer (NICMOS), onboard HST, were also retrieved. They were taken with the F160W (H) band filter. For IRAS 06076-2139, we used an available H band image taken with the Wide Field Camera 3 (WFC3). These H images helped us determine effective radii of the galaxies.
Integral field spectroscopy maps
We obtained IFS observations for the galaxies of the sample with two different fiber-based optical integral field systems:
-The ULIRGs in our sample were observed with INTEGRAL (Arribas et al. 1998) , connected to WYFFOS (Bingham et al. 1994) García-Marín et al. (2009b) and references therein.
-The LIRGs in our sample were observed with VIMOS (LeFevre et al. 2003) , mounted on the Nasmyth focus B on the VLT. The FoV covers 27 ′′ × 27 ′′ with an angular sampling of 0.67 ′′ per fiber. Details of the data reduction and calibration can be found in both Arribas et al. (2008) and Rodríguez-Zaurín et al. (2011) .
In both sets of data, the Hα line lies within the spectral range and, once calibrated, Hα line maps were generated by fitting the line using Gaussian functions. Maps with the Hα equivalent width and the [NII] lines were also generated. In addition, maps with the oxygen ([OIII] λλ4959,5007), and Hβ lines for galaxies observed with INTEGRAL were produced. In this paper, we use the maps published in García-Marín et al. (2009b) and Rodríguez-Zaurín et al. (2011) for the systems in our sample.
Results

Identification of the Hα-emitting complexes
The identification of the stellar population that ionizes the surrounding interstellar medium, and subsequently produces the Hα emission, is not necessarily straightforward. Depending on the resolution of the data and the contamination of the field by other ionizing sources, the establishment of this matching is not always possible. We first selected bright condensations in the Hα maps that were coincident with at least one blue knot in the F435W ACS images. We chose to use these high resolution images instead of the F814W ones because the most likely responsible for the ionization were detected most efficiently with the blue filter.
We defined a complex of young star formation as an Hα clump (a set of spaxels 2 ) that had coincident position with one or several knots identified in the HST images. In general, around 12 spaxels (e.g., 3 × 4 spaxels) are needed to define a complex, depending on how isolated it is and the extent of the Hα emission before it is affected by another source or diffuse nuclear emission. In one case (IRAS 08572N) a prominent Hα peak is observed at around 7 kpc west of the northern nucleus, but with no corresponding region in the HST images.
We visually inspected each Hα map and found 11 systems with prominent peaks apart from the nuclei (see Fig. 1 ). We defined the inner complexes as those located within a projected distance of 2.5 kpc to the closest nucleus and the outer complexes as those further out than 2.5 kpc. Given the resolution of the spectral maps (a factor of more than a hundred in area), the identification of the ionizing stellar knots is highly uncertain in inner complexes, since the Hα flux there is very much likely to be contaminated by flux from nearby knots. Together with the motivation of searching for TDG candidates, they constitute the main reason why we exclude these complexes from the study. Therefore, we focus on the outer complexes. In addition, we do not select complexes in rings of star formation (i.e., those at the external ring in IRAS 06076-2139), since they are not normally associated with tidal forces, hence with TDGs. All considered, we identified for our study 31 outer young, Hα -emitting complexes of star formation, shown in Fig. 1 and 2. 
Structure and location of the complexes
Owing to the higher angular resolution of the HST images, we identified the Hα clumps (observed in the spectral maps) with a complex of star-forming knots (observed in the photometric images). The number of knots in the ACS image per Hα complex is on average 2.2. However, the structure of these clumps is in general quite simple. As can be seen in Fig. 2 and table 1, the position of the Hα-emission peak is coincident or quite close to a prominent blue knot. In most cases, only one bright knot is observed within the area defined for the Hα complex (e.g., C1 in IRAS 08572+3915 N) or a centered bright knot plus a few fainter knots located at the border of the Hα complex (e.g., C1 in IRAS 04315-0840). In a few cases, the structure is quite complex, with several bright blue knots spread inside the area of the clump (e.g., C2 in IRAS 12112+0305).
When characterizing the Hα complexes, given the rich structure of some of them, we assume that every knot detected in the HST images within the area of the complex is an Hα emitter. knot to the total Hα emission or if a knot is not an Hα emitter (i.e., it is older than 10 Myr, at which the Hα emission declines abruptly) for all the complexes, is not possible. We also assume that only the detected knots are responsible for the whole Hα emission of the complex. Throughout the paper, we analize the validity of this hypothesis, since a priori knots below our detection limit in the ACS images might also contribute to the Hα emission. The Hα complexes are located at distances in the range 3.3-13.7 kpc from the nucleus of the parent galaxy, with a median value of 9.3 kpc (see table 1 ). These distances, owing to projection effects, represent lower limits to the real distances. They are relatively close distances to the parent galaxy compared to those of the TDG candidates(35-100 kpc; e.g., Duc & Mirabel 1998; Sheen et al. 2009; Hancock et al. 2009 ), although some TDG candidates have been reported at such distances (e.g., Iglesias-Páramo & Vílchez 2001; Weilbacher et al. 2003) . At these distances, some of the Hα complexes lie along the tidal tails (see Fig. 1 ), and the diffuse low surface brightness Hα emission (which is not subtracted in our measurements of the Hα flux) is either undetected or considerably diminished, thus does not contaminate the emission from the knots. Others also appear to be simply a non-nuclear giant HII region.
Characterization of the Hα-emitting complexes
We now investigate the physical properties of the bright Hα complexes identified. This characterization includes the analysis of the stellar continuum magnitudes (M F435W and color), spectral features (Hα luminosity and equivalent width), as well as physical sizes and an estimate of the metallicity. All these observables are compared to those measured in extragalactic HII regions, dwarf galaxies, and other TDG candidates. The integrated luminosities are in general higher than in embedded clusters in nearby extragalactic HII regions in spirals (Bresolin & Kennicutt 1997 ) and more typical of those found in extragalactic giant HII regions (Mayya 1994; Ferreiro et al. 2008) . Although early studies in extragalactic HII regions only focus on nearby galaxies (D L < 20 Mpc), Ferreiro and coworkers observed minor mergers at distances (D L = 40-170 Mpc) similar to our sample, detecting also only the most luminous giant HII regions, the external ones covering the range M B ≃ [-11.7, -17.4 ], typically 2 magnitudes more luminous than the range sampled in this study. Nearby dwarf galaxies are typically more luminous than B -13.0, with colors in the range M F435W -M F814W = 0.7-2 mag (Hunter & Gallagher 1986; Marlowe et al. 1997; Cairós et al. 2001) . In addition, the luminosities observed for nearby (Duc et al. 1997; Duc & Mirabel 1998; Duc et al. 2007 ) and more distant (Weilbacher et al. 2000; Temporin et al. 2003 ) TDG candidates are generally more luminous than B = -10.65, as for most of our Hα complexes.
The integrated broad-band luminosities of the embedded stellar population in our Hα complexes is, therefore, compatible with the luminosities measured in giant HII regions and TDG candidates.
Sizes and compactnesses
Owing to the higher angular resolution of the HST images, estimates of the sizes and compactnesses of the Hα emitting clumps were derived from the ACS images. All the knots within a complex were assumed to represent the ionizing stellar population. We then added up the area of each knot (derived in MC11) within an Hα complex, computing a total area A T . With this area, we derived an equivalent total radius, given by r= √ A T /π (see table 1 ). Had we used the spectral maps to measure the radius of the complexes (r Hα in table 1), we would have overestimated it in general by more than a factor of two. The radii r range from somewhat less than 100 pc to about 900 pc, with a median value of 280 pc. These sizes are similar to those for the largest giant extragalactic HII regions observed in nearby (D L < 20 Mpc) spirals (Mayya 1994; Rozas et al. 2006a; Díaz et al. 2007) , measured using ground-based instrumentation.
To evaluate the compactness of the Hα complexes, we also derived an effective radius (r eff ) for each, as an approximation of the half-light radius. We again used the HST images for this determination. In this case, since in most cases one knot dominates the total broad-band luminosity within the complex, we identified the effective radius of an Hα complex with the effective radius of the most luminous knot (derived in MC11). In complexes where more than one knot dominates the luminosity, this approach lead to an underestimate of the effective radius.
The effective radii of complexes observed with VIMOS are smaller than 100 pc (see table 1), from 20 pc to about 80 pc. For those observed with INTEGRAL, the values range from 100 pc to about 300 pc. These sizes are in general larger than the effective radii of the so-called ultra compact dwarf galaxies (e.g., Dabringhausen et al. 2008 ), similar to those in giant HII regions (e.g., Rozas et al. 2006a) and within the range of the smallest blue compact dwarf galaxies (with r eff =0.2-1.8 kpc;e.g., Cairós et al. 2003; Papaderos et al. 2006; Amorín et al. 2009 ) and Local, NGC 1407, and Leo groups (with r eff ∼ 0.3-1 kpc; Mateo 1998; Forbes et al. 2011) .
The ratio of the effective to equivalent radii gives an idea of the compactness of a certain complex. They are very compact, with a ratio of typically r eff /r = 0.2, ranging from 0.15 to 0.6.
Hα luminosities and equivalent widths
Both Hα flux and equivalent width measurements (EW) were obtained for the 31 Hα complexes. Their observed Hα luminosity is typically higher than 10 39 erg s −1 (see table 2 ). The luminosity of about 20% of them is even higher than 10 40 erg s already corresponds to an aperture of 0.45 ′′ in radius). In the case of IRAS 12112+0305, we grouped their kc and k1 regions and did not consider R2 because it is too close to the northern nucleus, which makes its Hα flux determination very uncertain. Fig. 3 compares the Hα luminosities and sizes of our complexes with those of extragalactic HII regions, Hα complexes in nearby galaxies, TDG candidates, and dwarf galaxies. This plot shows that using the Hα luminosity alone to establish the nature of a given object might be misleading. For instance, the complexes of star formation in the Antennae have an Hα luminosity comparable to the brightest extragalactic HII or even to dwarf galaxies, while these complexes are generally much smaller. Our complexes are typically located where the giant extragalactic HII regions and the dwarf-type objects lie on the plot.
We have also estimated the total equivalent width of a given complex from the EW and the Hα spectroscopic line maps. Since in a spaxel the EW ∝ Flux Hα / Flux continuum, we first determined the continuum per spaxel. We then added up all the continuum within a complex to compute the total continuum of the complex. Finally, we divided the total Hα flux by the total continuum flux for each complex. Their integrated EW span a range of two orders of magnitudes, from 4.1Å to about 170Å (see table 2). For each complex, we also give the value of the spaxel with the highest EW (EW peak ). The highest value corresponds to EW peak =374Å. Its median value (< EW peak > = 85Å) doubles the median value of the integrated EW computed for the complexes. The Hα equivalent widths derived, which is indicative of a very young stellar population, are comparable to those measured for extragalactic HII regions and TDG candidates (see Fig. 4 ).
The ratio Peak EW EW (Hα) was defined for each complex, where Peak EW refers to EW peak . This ratio helps us understand how the ionizing population is distributed. If two complexes have a similar underlying old population, the ionizing population in the one with the larger ratio is probably more concentrated (i.e., less knots) than the other with the smaller ratio. And if it is less concentrated (i.e., has more knots), most of the knots are probably somewhat older (low EW) and only a few are very young (high EW), leading to an older average population. In fact, the complexes with large ( 3) ratios have typically few knots (1-3), such as C1 in IRAS 06076-2139, C1 in IRAS 08572+3915 N, and C4 in IRAS 12112+0305.
Contamination of the Hα luminosity from embedded young populations
With the knowledge of the integrated broad-band luminosities, the Hα luminosities, and the equivalent widths of the complexes, we can try to evaluate whether the measured Hα flux is emitted by possibly embedded (and undetected) star-forming knots. The existence of undetected Hα-emitters is justified with the Hα-emitter in IRAS 08572+3915 N (clump in the north-west). We estimated how many undetected knots there can be with an age derived from the peak values of the EW (typically between 5 and 10 Myr, according to the stellar population models used in section 5.2.1) that can contribute significantly to the total broad-band luminosity of the knots. Since they would have a similar age, an embedded population of knots with a combined broad-band flux similar to that of the detected knots would emit half of the Hα flux. We then estimated how many knots at the detection limit would be needed to double either the F435W or the F814W flux. A total of 9 and 75 undetected knots per complex would be needed and we detected an average of 2.2 knots per complex. Thus, between 4 and 37 times more knots fainter by 2.4-4.7 magnitudes would be needed only in one complex. Assuming a luminosity function with slope of 2 we would need practically one-third of the total knots predicted for the whole galaxy inside a complex, which is unlikely. Duc & Mirabel 1998 ; blue open squares, Temporin et al. 2003 ) and our complexes (black dots with errors). The line shows the correlation found by van Zee. Only the luminosities given by Pilyugin are corrected from internal extinction. For those Hα complexes for which an estimate of the extinction has been made (see section 5.2.1), the metallicity-luminosity relation is also shown (dots with dashed line errors).
Metallicities
Numerical studies have claimed that during an interaction large amounts of gas flow toward the central regions, carrying less enriched gas from the outskirts of the galaxy into the central regions (Rupke et al. 2010; Montuori et al. 2010 ). Indications of this mixing process, which usually disrupts any metallicity gradient and dilutes the central metallicity, have been observed in merging (U)LIRGs (Rupke et al. 2008) , in galaxy pairs (Kewley et al. 2006; Ellison et al. 2008; Michel-Dansac et al. 2008) , and in star-forming galaxies at high-z (Cresci et al. 2010) . As a consequence of the metal enrichment of the external regions of the mergers, additional star formation can occur from reprocessed material there. We investigated whether the interaction process affects the metallicity of our Hα complexes.
Abundances are usually estimated using empirical methods based on the intensities of several optical lines. The most popular methods are the widely used R23 (Torres-Peimbert et al. 1989 ) and S23 (Vílchez & Esteban 1996) calibrators. However, both methods use emission lines that our spectral range does not cover. We used instead the N2 calibrator proposed by Denicoló et al. (2002) and the empirical diagrams of Edmunds & Pagel (1984) . The former is based on the ratio of the [NII] λ6584 to the Hα emission lines and the latter relates the ratio [OIII]λ4959 + [OIII]λ5007 to Hβ to the oxygen abundance, parametrized as in Duc & Mirabel (1998) .
Given the spectral range of the VIMOS data, metallicity determinations have only been possible using the N2 calibrator for systems observed with this instrument. The typical uncertainties in the determined metallicities are about 0.2 dex.
For the candidates observed with INTEGRAL, given these uncertainties, the differences between both indicators (usually within 0.2 dex) are irrelevant, thus we adopted the average value. The adopted metallicities for all the candidates are shown in the last column in table 2. With values compatible to a solar metallicity, they generally range from 12 + logO/H = 8.5 to 8.8 (with the exception of two candidates with lower abundances). The values for complexes observed with VIMOS have to be considered with care and must be checked with other metallicity indicators, since the N2 calibrator might be affected by ionization from strong shocks in the external regions of these galaxies (Monreal-Ibero et al. 2010 ). In addition, spatially resolved studies of star-forming regions indicate that the assumption of spherical geometry is unrealistic in most cases, which has a direct impact on the derivation of metallicities. Ercolano et al. (2007) estimated the systematic errors in the metallicity determinations when assuming spherical geometry using different calibrations. In the worst-case scenario, the derived oxygen abundances might be overestimated by 0.2-0.3 dex by the use of the calibrators considered in this paper, in which case the derived metallicites for the Hα complexes would then approach Z ⊙ /3.
The Hα complexes in this study do not follow the wellknown metallicity-luminosity relation for nearby isolated dwarf galaxies (see Fig. 5 ). Most galaxies also follow this relation (Weilbacher et al. 2003) . On the other hand, HII regions in compact groups of galaxies and TDGs in general deviate significantly from the relation and have a metallicity that is independent of their luminosity, an indication that all these objects consist of recycled material.
Discussion
Most Hα -emitting complexes have similar observational properties (i.e., Hα equivalent widths and luminosities, M F435W magnitudes, metallicities, radii) to the most luminous extragalactic giant HII regions in spirals and mergers, as well as more massive objects such as TDGs or TDG progenitors. Associations of young star-forming regions with a large HI reservoir have been found in TDGs, for instance by Duc et al. (2007) . We may then consider whether the Hα -emitting complexes in our sample are dynamically unbound associations of objects with masses similar to observed super star clusters (SSCs) or larger, more massive, and self-gravitating objects such as dwarf galaxies.
TDGs are self-gravitating objects with masses and sizes typical of dwarf galaxies (i.e., a total mass of 10 7 -10 9 M ⊙ ), formed with recycled material from the parent galaxies involved in an interaction/merger . Hence, they are stable entities with their own established dynamical structure. To evaluate whether our complexes constitute real TDGs or TDG progenitors and assess their chance of survival, we need to answer a few basic questions: Is the complex massive enough to be considered as a dwarf galaxy? Is it stable enough to be unaffected by its internal motion? Are the gravitational forces too strong to disrupt it? In this section, we disscuss these questions.
Selection of Hα-emitting likely to represent TDG candidates
Although old TDGs have been observed (e.g., Duc et al. 2007 ), their identification is not straightforward. When an old TDG is detected, the tail from its place of origin will probably have completely disappeared and the TDG may be classified as another type of dwarf galaxy. A determination of the metallicity and, especially, the total mass of the objects is needed to establish its tidal origin and mass. With spectroscopic data, we are able to study (though with some limitations and biases) the metal content, the dynamical mass, and different methods to establish whether a given candidate can withstand both internal and external forces. It is quite complicated to identify luminous enough condensations of old populations (i.e., very massive) and obtain kinematic information because the stellar absorption lines that would have to be used often have too low a signal-to-noise ratio (S/N). Although TDGs containing only old populations may be present in our sample, we are unable to detect them. Another way of searching for TDG candidates is based on either analyzing the Hα emission clumps (for that we have a sufficiently high S/N) or/and combining spectral and photometric data of blue Hα-emitting objects in interacting systems (e.g., Iglesias-Páramo & Vílchez 2001; Weilbacher et al. 2003; Temporin et al. 2003; López-Sánchez et al. 2004) . Therefore, the selection of TDG candidates in our sample of (U)LIRGs is based on the detection of Hα emission clumps with stellar counterparts, which is similar to our identification of Hα complexes.
However, we are limited by the angular resolution of the spectral data. To make our estimates as accurate as possible, we do not consider in our discussion here complexes with multiple luminous star-forming knots. Different types of motions within the components of a given complex can strongly affect the derivations mentioned before. The most characteristic examples of complicated complexes are C1 in IRAS F10038-3338 and C2 in IRAS 12112+0305. This does not mean that the possibility of these complexes being TDGs is ruled out, just that we do not have enough resolution to study the kinematics of each knot, thus determine whether they are kinematically bound or not.
We consider only complexes with simple structures, that is, mainly where only one knot is detected. We also include complexes with several knots, one of which (normally centered on the Hα peak emission) dominates the broad-band luminosity. The complex C1 in IRAS 04315-0840 would be a good example. On the basis of these criteria, the kinematic and dynamical properties of 22 complexes are derived and compared with those expected for a TDG.
If we detect more than one knot within the selected complexes, we consider only the broad-band luminosity of the brightest knot. In these cases, the Hα luminosity of the complex is scaled in the same way as the F435W flux is scaled to the total F435W broad-band flux of the complex in table 1. In practice, we multiply the Hα luminosity by a factor that in general is higher than 0.5 (a factor of 1 means that there is only one knot emitting the whole broad-band flux, thus responsible for the whole Hα emission). The kinematic measurements, such as the velocity dispersion, are not performed for the whole complex, but only for the spaxels close to and located at the peak of the Hα emission. This permits us to avoid any contamination by a faint knot in the border of the complex (e.g., faint knots within C1 in IRAS 04315-0840).
Using the kinematic information provided by the IFU data as well as the photometric measurements, we assess the origin and likelihood of survival of the 22 selected Hα complexes, and evaluate whether they can be the progenitors of tidal dwarf galaxies. According to the SB99 models, the detection of an Hα flux and EW larger than about 13 Å (see table 2 for specific values) implies that the stellar population is younger than 10 Myr. With the broad-band luminosities of the brightest knot within the complex and the scaled Hα luminosity, we can estimate to first order the age and the mass of the young population of the selected complexes. We note that, owing to the distance of the systems (D L < 270 Mpc) and the shape of the HST filters, the Hα emission-line does not contaminate these broad-band filters.
We computed the mass-independent evolutionary track shown in Fig. 6 using information about the ratio of the flux of the modeled population in the broad-band filters to the flux of the ionized gas in the Hα line. Placing these ratios on a plot for all observed complexes, we now estimate the age of the young population. Once the age is known (hence a M/L ratio), the mass can be derived. However, before going any further and based on the assumptions made, we first assess the sources of uncertainty that a priori could affect our results: -The internal extinction is unknown. In general, the extinction in the inner regions is patchy with high peaks in (U)LIRGs, up to A V ≃ 8 mags (see Alonso-Herrero et al. 2006 and García-Marín et al. 2009a) , though it decreases considerably with the galactocentric distance. Were complexes to have low extinction values (A V 1.5mag) their flux quotients would tend to follow the evolutionary track (solid line in Fig. 6 ), and the age would remain practically unchanged. Only one complex probably has a higher internal extinction (C1 in IRAS 14349-1447). A high extinction value of A V ∼ 3.5 mags was indeed measured for this complex in Monreal-Ibero et al. (2007) . The typical extinctions of the TDG candidates studied in Monreal-Ibero are between A V = 0.7 and 2 mag, which is consistent with the extinctions derived for our selected complexes (see Fig. 6 ).
-The local background flux (from the underlying parent galaxy) assumed to be associated with either older populations or non-Hα line-emitters, was subtracted when the photometry was performed for the knots. However, a knot itself can be formed by a composite of young and old population. If we were to assume that a significant fraction of the red and blue fluxes measured for the knots originated from an older population, the evolutionary track would change (see the composite populations in Fig. 6 ); the young population would then be even younger than initially predicted and consequently less massive. Almost half of the complexes are incompatible with the composite track, since their flux ratios would be too small, even smaller than for a zero-age young population. The other complexes, for which . Dotted line shows the track for a composite population where 99% of the mass corresponds to a 1Gyr population. The small triangle almost at the beginning (zero-age young population) of the second track indicates that the young population is 2Myr old and we add 1 Myr to the subsequent triangles. The typical uncertainty associated with the data is shown above the extinction vector, which is drawn at the bottom right-hand corner.
the values are compatible with the composite track, would typically have a young population of about or younger than 4 Myr. Were this to be the case, the extinction would be negligible and the equivalent widths would be about 200 Å.
-Had we included some Hα contribution from the neighboring zones then the Hα flux measured would have been overestimated. The Hα flux drops considerably as age increases across the age interval we consider (by up to more than one order of magnitude), but if the Hα flux is weaker the mass of the young population decreases accordingly. The mass estimated using the red filter can vary by up to a factor of four within the age interval 1-10 Myr, according to the stellar population models used in this study. The age estimate would be older by no more than 1 Myr, if we had overestimated the flux by a half. Thus, this correction would in our case be negligible.
Taking into account these sources of uncertainty, the firstorder estimates of the age were performed for the young population inside a complex, assuming a single burst. We estimated the age by considering the extinction value that we would need to shift the location of each dot (flux quotients) along the evolutionary tracks. The estimated ages range from 2 to 5 Myr (Age phot ; see table 3), the typical age range in which an instantaneous burst of star formation displays WolfRayet (WR) features in its spectra (Leitherer et al. 1999) . Given the spectral range covered in this study, we would expect to see the well-known red WR bump, which is the result of the blend of the [CIII] λ5698 and [CIV] λ5808 broad emission lines (Kunth & Schild 1986) . We tried to find these features in the spectra of the complexes, but could find no clear evidence of these bumps. This bump is much more difficult to detect than the other bump (such as the blue bump) characteristic of WRs because it is always weaker (e.g., Fernandes et al. 2004; López-Sánchez & Esteban 2009 ). Sometimes it is not even detected again in Wolf-Rayet galaxies where it was previously seen (López-Sánchez & Esteban 2009). Therefore, the non-detection of WR features does not definitely exclude the hypothesis that the young population in our complexes spans the age range 2-5 Myr.
An upper limit to the age can be estimated by using the EW (Hα), as it decreases strongly with time. Using the EW peaks (see table 2), we estimate that the age is in the range 5-10 Myr (Age EW ; see table 3). In many cases, the EW peaks are not strong enough to explain population as young as our former age estimates. This is unsurprising because within a complex and a spaxel itself the underlying older population contributes significantly to the Hα continuum but not to the emission line. The contribution of this continuum minimizes the total EW within a complex. The broad-band flux of the knots typically represents between 1% and 40% of the total flux within the area of the complex. We consider for instance a 3 Myr-old population whose broad-band flux represents 10% of its overall broad-band flux within the complex. According to the models used in this paper, the equivalent width of the young population without contamination would be ∼1000 Å. However, the contamination of a 1 Gyr-old population would diminish the equivalent width to a measured value of 70 Å for the whole complex, the same value as a single population of 6 Myr without contamination. Therefore, with the observed EW we can only set an upper limit to the age in each case.
As a conservative approach, instead of directly using the youngest estimates to derive the mass of the young population, we use the average of the two estimates, Age phot and Age EW . Thus, once the age and extinction were estimated, the mass was directly obtained via the extinction-corrected F814W magnitude.
Under these assumptions, the derived mass of the young population of the selected Hα complexes is between 10 4.5 M ⊙ and 10 5.5 M ⊙ , with the exception of three complexes for which the derived mass is about or close to 10 7 M ⊙ (M [I] ; table 3). These complexes have extinctions of A V ∼ 1-2 mag, with the exception of C1 in IRAS 14348-1447 (A V = 4.2 mag). The uncertainty in this mass is typically smaller than a factor of two. This rather small uncertainty is expected, since during the first 1-7 Myr of the starburst the broad-band luminosities do not change significantly. However, if we compute the mass using the Hα luminosity (M [Hα] ; table 3) the uncertainties increase considerably. This is also expected because the Hα flux for a population of a given mass evolves significantly with the age of the starburst. The few cases in which both measurements are incompatible suggest that the age of the burst is closer to the youngest value (Age phot ). The corresponding M [Hα] would be lower toward a value similar to M [I] .
An old population of a few Gyr (prior to the interaction, and in the parent galaxy) in TDG candidates that contributes to most of the stellar mass has been reported (e.g., Sheen et al. 2009 ). Large HI reservoirs have also been found in a few TDGs (Duc et al. 2007 ) that can sustain star formation on a Gyr scale. We have seen previously that the colors of some complexes can be compatible with a composite population where a 1 Gyr-old population is 99% more massive than a young burst. Thus, we consider it worth investigating this possibility (Bender et al. 1992) ; open squares in red, dwarf ellipticals (Bender et al. 1992; Geha et al. 2003) ; crosses in yellow, dwarf spheroidals (Bender et al. 1992) ; plusses in green, the TDG candidates in Monreal-Ibero et al. (2007); diamonds in orange, massive globular clusters in NGC 5128 (Martini & Ho 2004) ; inverse triangles, globular clusters in the Galaxy (Trager et al. 1993 ) and in M31 (Dubath & Grillmair 1997) ; and asterisks in pink, clusters in the Antennae (Mengel et al. 2008 ).
also here. Table 3 shows the estimates of the age of the young (Age Cyoung ) and the mass of both populations (M Cyoung and M Cold ). The stellar mass of the complexes generally ranges from 10 5.5 M ⊙ to 10 6.5 M ⊙ , an order of magnitude higher than the previous estimates.
Conditions for self-gravitation
Measuring velocity gradients helps us assess whether there is either any independent rotation (Weilbacher et al. 2002; Bournaud et al. 2004 Bournaud et al. , 2008 or outflows. However, given the spatial resolution achieved with the IFS instruments, we cannot in general resolve any velocity field across the extranuclear condensations. In this case, other indirect methods must be used to assess whether the internal motions of our complexes can affect their stability.
Iglesias-Páramo & Vílchez (2001) established an empirical luminosity criterion (L(Hα) > 10 39 erg s −1 ) that must be reached by their HII complexes to ensure self-gravitation. This criterion, however, has not been supported by any kinematic study. More than 50% of our own complexes fulfill this criterion, as shown in table 2. If we corrected for internal extinction, only three would be less luminous than 10 39 erg s −1 . Another method that can be used to establish whether the selected complexes are stable is to study their location in well-known empirical correlations followed by other selfgravitating entities such as elliptical galaxies, bulges of spiral galaxies, globular clusters, and/or giant HII regions: the radiusvelocity dispersion and the luminosity-velocity dispersion relations (Terlevich & Melnick 1981) . Here, we consider these relations because they provide more reliable constraints than the Hα luminosity of the complexes. We plot these relations for our complexes in Figs. 7 and 8.
In the radius-velocity dispersion diagram, we superimpose the data of samples of dynamically hot systems such as massive globular clusters, dwarf elliptical and spheroidal galaxies, intermediate and giant ellipticals, and TDG candidates. Within all of the uncertainties, the velocity dispersions of six of the complexes selected here are too high to ensure self-gravitation.
For a giant HII region, the lower envelope in the log L Hα -logσ plane is closely represented by a straight line of the form L Hα = c + Γ × logσ, where σ refers to the velocity dispersion, the constant c ranges from 34.5 to 36.8, and Γ is between 2 and 4 (see line fits and references in Fig. 8 ). This is known as the luminosity-velocity (L-σ) dispersion relation, and implies that the giant extragalactic HII regions above the envelope are gravitationally bound complexes of stars and gas and that the widths of the nebular emission lines reflect the motions of discrete ionized gas clouds in the gravitational field of the underlying stellar and gaseous mass (Terlevich & Melnick 1981) . The kinematics of the HII regions below the envelope may be dominated by processes other than gravitational motions, such as stellar winds and expanding shells Rozas et al. 2006a,b) . That is, if the relation for giant HII regions lies above the envolope, then the non-gravitational processes are identified with broad, lowintensity components that do not considerably affect the physical properties of the main spectral component (i.e., gravitational motions). Thus, although the velocity of these fenomena could be similar or even larger than the σ measured in this paper, if the relation for our complexes is above the envelope, the spectral component corresponding to the gravitational motions will probably not be affected. In any case, we estimated the expansion speeds of bubbles in the interstellar medium, so as to quantify how broad these non-gravitational components are. We evaluated the equivalent number of O3(V) stars using the Hα luminosity of a given complex and the value given by Vacca et al. (1996) for the ionizing photon output of an O3(V) star. We then derived the kinetic energy input from the stellar winds, using the estimate by Leitherer (1998) of the wind luminosity for an O3(V) star, integrated over the time the star is on the main sequence. Assuming a typical average electron density of 100 cm −3 , obseved in (U)LIRGs (Veilleux et al. 1995 (Veilleux et al. , 1999 , the expansion speeds are expected to be (Lamers & Cassinelli 1999 ) between several km s −1 for the least luminous complexes and less than 30 km s −1 for the most luminous ones. Given the metallicity range of our selected complexes, we applied a metallicity correction to the Hα luminosity, in such a way that ∆log (F(Hα))=127z -1.17 (Terlevich & Melnick 1981) , where z denotes the metallicity value (z=0.02 for solar metallicity). Within the uncertainties, all the selected complexes but two are consistent with the line fits or above the envelope (Fig. 8) . Interestingly, these two outlying complexes are consistent with the radius-velocity dispersion correlation.
Although the values for another complex are below the envelope, we note that its Hα luminosity was not corrected because its metallicity is unknown. Thus, no complex fails both criteria at the same time. According to these results, self-gravitation should be ensured for more than a half of the complexes for which a determination of the velocity dispersion was achieved. For the remainder, self-gravitation is neither guaranteed nor excluded because at least they generally satisfy one of the two criteria used.
Dynamical mass estimates
Upper limits to the dynamical masses (M dyn ) of the selected complexes were derived under the following assumptions: (i) the systems are spherically symmetric; (ii) they are gravitationally bound; and (iii) they have isotropic velocity distributions [σ 2 (total)=3×σ
2 LOS ], where σ LOS is the line-of-sight velocity dispersion. In the previous section, we have seen that more than a half of these complexes are likely to be gravitationally bound.
The mass of a virialized stellar system is given by two parameters, its velocity dispersion (σ) and its half mass radius (r hm ). The half-mass radius is not an observable and cannot be measured directly. It has to be inferred indirectly by measuring the half-light radius (i.e., r eff ). For a cluster-like object this mass is given by
where the r eff is given in pc, σ LOS in km s −1 , the gravitational constant G=4.3×10 −3 pc M ⊙ −1 (kms −1 ) 2 (Spitzer 1987) , and η = 9.75 for a wide range of light profiles. However, some studies have shown that η is not a constant, and can vary with time (η ∼ 3 − 10), depending on, for example, the degree of mass segregation and the binary fraction of the cluster (Fleck et al. 2006; Kouwenhoven & de Grijs 2008) . Since we do not have this information, we use η = 9.75.
Since the star-forming knots have a cluster-like light profile (see Miralles-Caballero et al. 2011 ) the use of Eq. 1 to derive the dynamics of the selected complexes seems appropriate. The corresponding masses given in table 3, are between a few 10 7 and a few 10 9 M ⊙ , with an uncertainty of a factor of 2-3.
Total mass: discrepancy between the stellar and the dynamical masses
It is unclear where to draw the line between a high-mass young super cluster and a low-mass dwarf galaxy in terms of stellar mass. We derive masses only for young population, and those complexes less massive than 10 6 M ⊙ are comparable to the brightest young clusters or complexes hosting recent star formation in other less luminous interacting galaxies (e.g., Mengel et al. 2008; Bastian et al. 2009 ). However, does the estimated mass of the young stellar population represent the total mass of the candidates? Only a few studies have reported stellar masses for TDGs. The dynamical mass of our complexes is in the range of the typical total baryonic mass of a TDG (10 7 -10 9 M ⊙ ; e.g., Duc et al. 2004; Higdon et al. 2006; Hancock et al. 2009 ). However, the ratio of the dynamical to the most massive photometric mass in our complexes is suspiciously high (M dyn /m [M I ] ∼ 50-1000). Several factors can explain this ratio.
If we assume that the stellar mass represents the total mass of a given complex, this mass might be underestimated, because:
-Although the most recent bursts of stars are responsible for the bulk of the ionization of the gas -hence of the emitted flux-the kinematics of the ionizing gas is affected by those of previous stellar generations. In regions of mixed populations, the light is generally dominated by the young stars and the mass by the older population. As outlined before, Sheen et al. (2009) derived a total stellar mass of 3.1×10 7 M ⊙ for one of their TDG candidates, a fraction of no more than 2% being contained in populations younger than 6 Myr. The mass-to-light (M/L) of young (e.g., 5 Myr) and old (e.g., 1 Gyr) populations differs by about a factor of 100. The Hα to the broad-band luminosity colors of some of our candidates are also consistent with those of composite populations. Our complexes might indeed consist of young star-forming knots and evolved population from the complexes themselves and the parent galaxy that has been accreted by the complex. We estimated the total stellar mass of the complex if practically all the F814W flux measured inside the whole complex (minus the flux from the knots) belonged to it and came from a 1 Gyr-old population. This total stellar mass approaches significantly to the dynamical mass measured for most of the complexes.
-The total stellar population does not normally represent the total baryonic mass (gas + stellar), and we do not have access to the mass of the gas. Normally, the efficiency of star formation in molecular clouds is very low (typically about 1%). In (U)LIRGs the efficiency can be higher, but the mass of a molecular cloud undergoing a starburst episode may still be higher than the mass of the starburst by more than one order of magnitude. The candidates in Hancock et al. (2009) have total stellar masses of 1-7×10 6 M ⊙ , the HI mass being 6×10 7 M ⊙ . Studies based on radio HI observations have found that the gas mass of a TDG with a typical diameter of a few kpcs lies within the range between a few 10 7 and several 10 9 M ⊙ (e.g., Duc et al. 2000; Bournaud et al. 2004; Duc et al. 2007 ).
On the other hand, if we assume that the dynamical mass represents the total mass of a given complex, we might be overestimating it, because: -In each case, M dyn represents normally an upper limit to the dynamical mass. For instance, given the complex dynamics in interacting systems, high velocity dispersions might not necessarily indicate high masses, but might alternatively represent tidal-flows induced from the merging process and strong winds from LINER-like regions (Colina et al. 2005; Monreal-Ibero et al. 2010) . However, at least for the systems that we previously observed with VIMOS, these strong winds may not affect significantly the determination of the velocity dispersions (Monreal-Ibero et al. 2010 ). -Dark matter might contribute significantly to the total TDG mass. However, TDGs are unlikely to contain a large amount of dark matter (Barnes & Hernquist 1992 ) because their material is drawn from the spiral disk, while the dark matter is thought to surround the galaxy in an extended halo.
On the basis of all these arguments, it is clear that the total masses of these complexes is somewhere between the photometric and the dynamical masses. Other independent criteria also show that more than a half of the selected complexes are in virial equilibrium, thus the velocity dispersion traces more likely the dynamical mass rather than other processes (see section 5.2.2). Given all the caveats and uncertainties previously considered when determining the dynamical and stellar masses, we assume as a mass criterion that the complexes with photometric mass estimates using the broad-band luminosities (single or composite population) that are compatible with 10 6 M ⊙ are likely to have a sufficient total mass to become a tidal dwarf galaxy. This assumption should obviously be verified using multi-wavelength photometric and spectroscopic data. Only six of the selected complexes (plus the three candidates in IRAS 16007+3743) fulfill this mass criterion. Had we assumed that a complex with a dynamical mass compatible with 10 8 M ⊙ or higher has sufficient mass to become a TDG, then 15 of the selected complexes would fulfill the mass criterion.
5.3. Are the selected Hα complexes unaffected by the forces from the parent galaxy?
Tidal forces
If the complex is massive enough to constitute a dwarf galaxy and gravitationally bound, its fate basically depends on the ratio of its mass to the so-called tidal mass (Binney & Tremaine 1987; Mendes de Oliveira et al. 2001) . The tidal mass condition will tell us whether it is massive enough to survive the tidal forces exerted by the parent galaxy. The tidal mass is defined as
where M refers to the mass of the parent galaxy, R is the radius of the complex (here the size of the most luminous knot in a complex, as derived in MC11), and D is the distance to the parent galaxy. This equation is valid when the size (R) of a certain region is small in comparison with the distance (D) to the parent galaxy, which is the case for all of the complexes (the ratio "size/projected distance" is typically below 0.04). If the tidal mass of an object is lower than the total mass, then the object is unaffected by the forces applied by the parent galaxy. In general, the gravitational potential of interacting galaxies, as in ULIRGs, is a complex function of the mass distribution of the system, which evolves with time. Nevertheless, as a first approximation, we assumed that the distribution is dominated by the masses of the main bodies of the system. Two different approaches were applied in this study: the gravitational potential depends either on: i) the nearest galaxy (M near tid ) or ii) a point mass in the mass center and the total mass of the system (M CM tid ). The highest value obtained using the different approaches was taken to compare with the dynamical mass of the complex.
In each case, we used the measured projected distances d near and d CM , respectively (see table 1 ). Since the projected distance is always smaller than the real one, we actually estimated upper limits to the real tidal masses. To derive the tidal mass, we need to know the mass of the parent galaxy, which in each case is identified with its dynamical mass. Under the same hypothesis as in section 5.2.3 of a virialized system, the dynamical mass of a galaxy-like object can be obtained as
where, the half-mass radius, r hm , is given in kpc, σ in km s −1 and the factor m is a dimensionless function of the assumed mass distribution and ranges from 1.4 for a King stellar mass distribution that adequately represents ellipticals (Bender et al. 1992; Tacconi et al. 2002 ) to 1.75 for a polytropic sphere with a density index covering a range of values (Spitzer 1987 ) and 2.09 for a de Vaucoluleurs mass distribution (Combes et al. 1995) . We assumed that m=1.75, as in Colina et al. (2005) . In each case, we used the average value of the velocity dispersion at the peak and nearby surrounding spaxels, covering about a radius of 1 ′′ . Finally, the effective radii (from which we infer r hm ) of the parent galaxies were derived using the H-band NICMOS and WFC3 images of the galaxies and fitting their two-dimensional light profiles with GALFIT (Peng et al. 2002; Peng et al. 2010) . In many cases, the NICMOS images do not cover the whole extent of the galaxies, which meant that we had to use the values given in Arribas et al. (in prep.) .
In summary, two values (M near tid and M CM tid ) for the tidal mass were obtained using Eq. 2, and the maximum value was compared to the dynamical mass of the selected complexes derived in section 5.2.3. The ratio M dyn /M tid is in general > 10 (see table 3), which ensures that the complexes are unaffected by the tidal forces exerted by the parent galaxy. Only one complex fails this condition and another one is close to failing because of large uncertainties in its dynamical mass estimate.
Escape velocity
If the complex does not have a large enough relative velocity (v rel ) with respect to the galaxy to escape, it might still fall back towards the center of the system because of the gravitational force exerted by the parent galaxy. It is interesting to consider whether a complex does indeed exceed the effective escape velocity (v esc ). This criterion, however, should not have the same weight as the others since it is subject to many uncertainties: (i) the real distance of the complex is always larger than the projected one; (ii) only one component of the velocity is measured and there is no information about the movements in the plane of the sky; and (iii) two possibilities for the relative movements between the region and the system are always possible, since for a given configuration it is impossible to determine whether the complex is closer or further away from the observer than the mass center. We include this criterion in this study for completeness.
For simplicity, we assume that the gravitational potential is created by a point mass representing the total mass of the system, that is located at the mass center. The ratio |v esc |/v rel (last column in table 3) is smaller than 1 for 7 of the selected complexes out of the 22, that is, they could escape. If we take into account projection effects statistically, a complex escapes if |v rel | − |v esc × cos(π/4)| > 0. In this case, an additional complex satisfies the criterion.
5.4. How common is TDG formation in (U)LIRGs?
TDG candidates in (U)LIRGs
None of the developed criteria can help us determine wheter a given complex will survive the merging process. Projection effects and observational constraints, especially the need for higher angular resolution spectroscopic data (which would allow us to search for velocity gradients), ensure that it is difficult to assess the fate of the selected complexes. In any case, we can investigate which have the higher probabilities of surviving as a TDG, based on the fulfillment of a few or most of the criteria viewed in this study. The results are summarized in table 4.
We assigned different weights to the diverse criteria we studied and derived a probability that a certain complex could survive as a TDG by adding the weights for the criteria that it achieves. The mass criterion is considered to be the most important since, even if it is self-gravitating, if it does not have enough mass the complex could be either a bound super cluster or any other entity rather than a low-mass dwarf galaxy. For this reason, it is assigned a weight of 30%. The criteria with the least importance (each having a weight of 10%) correspond to the Hα luminosity and the escape velocity ones, since the former comes from empirical considerations and the latter is the least reliable of all. We assigned a weight of 20% to the M tid versus (vs.) M dyn criterion. Finally, we considered a somewhat lower weight (15%) for each of the self-gravitating criterion (σ vs. r eff and σ vs. L Hα ), since they prove the same condition. In practice, the complexes that satisfy most of the criteria have the highest probabilities of being TDG progenitors.
Once the percentage was computed based on which criteria the complexes fulfill, different probabilities that a complex constitutes a TDGs were defined: low (prob ≤ 40%), medium (40 < prob ≤ 60), medium-high (60 < prob ≤ 80), and high (prob > 80). Only three complexes (counting IRAS 16007+3743 have a high probability. A total of 6 of the 22 selected complexes (9 of 25 if we include those from IRAS 16007+3743) have mediumhigh or high probabilities of being TDG progenitors, and from now on we consider these as our TDG candidates.
We detect candidates in LIRGs and ULIRGs, although the three candidates with a high probability are only found in ULIRGs. This suggests that TDG production may be more efficient in systems with higher infrared luminosities. However, this statistic is of very limited robustness because of the low number of candidates found. If we consider only systems for which IFS data are available and located at a distance (i.e., D L > 130 Mpc) where at least a galactocentric radius of 10-15 kpc is covered with the spectroscopic data, we obtain a production rate of about 0.3 candidates per system for the (U)LIRG class. Other TDGs have been observed at larger distances (>30 kpc; Sheen et al. 2009; Hancock et al. 2009 ) not covered by the FoV of our IFS data. The detection of bright and blue knots (i.e., M F814W > -12.5 and M F435W -M F814W < 0.5) in the tidal tails and their tips in the ACS images of some (U)LIRGs (regions not covered with the IFS data; see Fig. 8 in Miralles-Caballero et al. 2011) , indicative of a young population more massive than 10 5 M ⊙ , may increase the number of candidates for the (U)LIRG class.
Dynamical evolution of the TDG candidates
The number of candidates in systems undergoing the early phases of the interaction process (i.e., phases I-II and II) is 7, significantly larger than the 2 detected in more evolved systems. Normalized to the total number of systems in early and advanced phases, we obtain 0.5 and 0.13 candidates per system, respectively. Therefore, TDGs are more likely to be formed during the first phases of the interaction in (U)LIRGs.
To analyze the meaning of this trend we need to consider both the life expectancy of these candidates as well as their detectability during their lifetime. Our result does not mean that the total number of candidates in each phase decreases at all. Although large HI reservoirs have been found in a few TDGs (Duc et al. 2007 ) that would be able of sustaining star formation on a Gyr scale, it is unknown whether these are common. Our candidates are indeed Hα -selected. We might have been unable to identify candidate objects as old as 20 Myr and older, for which their Hα emission is undetectable. There is a score of knots in the initial sample of 32 galaxies at a projected galactocentric distance larger than 2.5 kpc, with colors (M F435W -M F814W > 1.5) and luminosities (M F814W < -15), such that if the population were about 100-1000 Myr old the stellar mass would be higher than 10 7 -10 8 M ⊙ , close to or similar to the total stellar mass of observed TDG candidates. Bournaud & Duc (2006) ivestigated a set of 96 N-body simulations of colliding galaxies with various mass ratios and encounter geometries, including gas dynamics and star formation. They investigated the dynamical evolution of the TDG candidates found in the various simulations up to t = 2 Gyr after the first pericenter of the relative orbit of the two galaxies. On the basis of the comparison with a higher resolution simulation of a major merger by Bournaud et al. (2008) , we can roughly assign different dynamical times after the first pericenter for the different phases of interaction defined in Miralles-Caballero et al. (2011) . In this way, the first phases of the interaction (I-II and III) are likely to occurr during the first 400 Myr of the interaction process. If we consider only the observed candidates in (U)LIRGs during these early phases and these systems for which we have available IFS data that cover at least 10-15 kpc of galactocentric radius we derive a production rate of about 0.6 candidates per system. Although the simulations of Bournaud & Duc (2006) continue up to t = 2 Gyr, they fit the number of their TDG candidates versus time with an exponential decay and a lifetime of 2.5 Gyr. They estimate the number of candidates that survive (long-lived candidates that neither fall back nor lose a large fraction of their mass) after 10 Gyr corresponds to 20% of the TDG candidates formed during the early phases of the interaction (i.e., t < 500 Myr after the first pericenter). According to this percentage, we estimate a production rate of about 0.1 (20% of 0.6) long-lived TDG candidates per system for the (U)LIRG class.
The average production rate of 0.1 long-lived TDGs per system can either become lower or higher depending on follow-up studies with IFS capable of providing higher spatial resolution (i.e., adaptive optics assisted systems) and covering a FoV that will even allow us to study galactocentric distances greater than 30 kpc. Modeling and observations claim that the most prominent TDGs are found along the tidal tails and in particular at their tips (e.g., Hibbard & Mihos 1995; Duc & Mirabel 1998; Weilbacher et al. 2000; Higdon et al. 2006; Duc et al. 2007; Bournaud et al. 2008; Hancock et al. 2009 ). Thus, it would be unsurprising that when covering the whole field of the local (U)LIRG systems with IFS facilities, more TDG candidates will be found. In addition, kinematic data of higher spatial resolution would allow us to determine more reliably whether the candidates are bound.
Implications for TDG formation at high-z
After estimating the production rate of long-lived TDG candidates per system for the (U)LIRG class, we can now roughly estimate whether satellites of tidal origin are common, and more specifically, the contribution of TDGs in the early Universe to the dwarf population we see in the local universe. Local (U)LIRGs represent an appropriate class of objects to study the importance of TDGs at high redshift because: (i) they are major contributors to the star formation rate density at z ∼ 1-2 (Pérez- González et al. 2005) ; and (ii) ULIRGs resemble the sub-millimeter galaxies detected at higher redshifts in the sense that they are merging systems with extremely high rates of star formation (Chapman et al. 2003; Frayer et al. 2003; Engel et al. 2010) . Okazaki & Taniguchi (2000) studied a scenario in which galaxy interactions and/or merger events act as the dominant formation mechanism of dwarf galaxies in any environment and these interactions occur in the context of the hierarchical structure formation in the Universe. They claimed that all dwarfs in the Universe might have a tidal origin. On the basis of this scenario, their statement assumed a production rate of 1 to 2 tidal dwarfs per merger, which has a lifetime of at least 10 Gyr. The production rate we estimate for long-lived candidates in (U)LIRGs is a factor of 10-20 lower, such that their contribution to the overall dwarf population is only 10-5%. Therefore, we do not find strong evidence that all the local dwarf galaxy population have a tidal origin. This result is consistent with recent estimates implying that the contribution of TDGs to the overall dwarf population is insignificant (Bournaud & Duc 2006; Wen et al. 2011; Kaviraj et al. 2011) .
The study by Okazaki & Taniguchi (2000) covers a wide range of mass ratios for the interacting systems. In our sample, the systems with more than one nucleus span mass ratios from 1:1.7 to 1:3.6, which is the most favorable range for longlived TDGs, according to the simulations of Bournaud & Duc (2006) . Were high-z interactions to have similar mass ratios, the production rate estimated by Okazaki & Taniguchi (2000) would be higher than the predicted 1-2 tidal dwarf per merger. Thus, our production rate would be a factor of more than 10-20 higher, and the contribution of TDGs to the overall dwarf population would become even lower than 10-5%. Rodighiero et al. (2011) claimed that mergers at z ∼ 2 have a very low contribution (∼ 10%) to the cosmic star formation rate density. Were this result to be confirmed, the contribution of TDGs to the overall dwarf population would still be lower, to a negligible value.
Conclusions
We have combined high angular resolution HST images with spectroscopic data from IFS facilities to characterize Hα-emitting clumps in an initial sample of 27 (U)LIRGs. Our study has extended the search of TDG candidates by Monreal-Ibero et al. (2007) by considering both LIRG systems and additional and more sensitive images. In particular, we have detected a total of 31 extranuclear star-forming complexes in 11 (U)LIRGs and characterized the main physical and kinematic properties of these complexes. Using structural, physical, and kinematic information, we have also estimated the stellar and dynamical mass content of the complexes and studied their likelihood of resisting the effects of internal as well as external forces based on different dynamical tracers. With all these parameters, we have identified which complexes have the highest probabilities of being long-lived TDG candidates in (U)LIRGs. We draw the following conclusions: -Located at an average projected distance of 9.3 kpc from the nucleus, within the range 3.3-13.4 kpc, the structures of the complexes are generally simple, consisting of one or a few compact star-forming regions (knots) in the HST images, though a few of them reside in a richer cluster environment. The complexes have typical B luminosities (M F435W < -10.65), sizes (from few hundreds of pc to about 2 kpc), and B -I colors (M F435W -M F814W 1.0) that are similar to those observed in giant HII regions and dwarf-like objects. The relatively high metallicities derived, of normally Z ⊙ -Z ⊙ /3 (independent on the luminosity of the complex), reflect the mixing of the metal content in interacting environments, as observed in a few extragalactic HII regions and TDG candidates.
-The measured Hα luminosities of the complexes are comparable to those of extremely luminous Hα complexes in nearby systems, giant extragalactic HII regions, TDG candidates, and normal dwarfs. Their sizes seem to be more related to the nature of the system. In our case, many complexes have sizes typical of dwarf-like objects. -Twenty-two complexes with very simple structures were selected to study their nature as TDGs. The stellar masses derived for these complexes using the Hα and broad-band luminosities and equivalent widths of a single burst or a composite population (young burst + 1 Gyr) range from a few 10 4 to 10 8 M ⊙ . Nevertheless, it is typically below 10 6.5 M ⊙ , which is the lower limit to the total mass. In contrast, the complexes have dynamical masses that are a factor of 50-1000 higher, which provides an upper limit to the total mass. -A total of 9 complexes, namely TDG candidates, have the highest probabilities of becoming dwarf galaxies, at least up to 1-2 Gyr. They are probably massive enough and satisfy most of our criteria for self-gravitation (i.e., the position in the radius-σ and the luminosity-σ planes) and resistance to the forces from the parent galaxy. We have found evidence that their formation takes place more often in early phases of the interaction. -When we consider only systems for which the IFS data cover a significant fraction of the whole system, the production rate of candidates averages about 0.3 per system. This rate is expected to decrease to 0.1 for a long-lived 10 Gyr dwarf, according to recent galaxy merger simulations. Were this to be the case, fewer than 5-10% of the general dwarf satellite population could be of tidal origin. (1): object designation in the IRAS Point and Faint Source catalogues. In case of several pointings taken with VIMOS data, the orientation (N: North, S: South, SE: South-East, C: Center) of the centered nucleus in that pointing is given. Col(2): Number of nuclei in the system (1-3) and interaction phase (IP) that the system is undergoing according to the classification scheme defined in Miralles-Caballero et al. (2011) , where I-II indicates first approach, III pre-merger and IV merger phases, respectively. Col (3): identified complex. Col (4): number of knots per complex. Col (5): projected distance to the nearest galaxy. Col (6): projected distance to the mass center of the system. Col (7): Absolute magnitude, M F435 , not corrected for internal extinction. Col (8): derived photometric color of the complex. Col (9): r eff of the brightest knot inside the complex. Col (10): equivalent radius, derived using the size of the knots (see text). Col (11): radius of the complex measured on the Hα map. García-Marín et al. (2009b) and in Rodríguez-Zaurín et al. (2011) , typical uncertainties in the absolute flux calibration are between 15% and 20%. Col (4): derived Hα luminosity with no correction for internal extinction, except for IRAS 16007+3743. Col (5): computed equivalent width (EW) from the Hα and EW maps (see text). Col (6): Spaxel with the largest value of the EW. Col (7): ratio of the peak of the EW to the derived EW for the whole complex. Col (8): central velocity dispersion. Col (9): relative velocity with respect to the mass center of the system. Col (10): adopted metallicity for the complex, derived using two different line-ratio calibrators (see text). 4.2 ± 0.3 7.7 ± 0.1 8.1 ± 0.2 1.5 2.5 ± 0.3 8.5 ± 0.1 6.5 ± 0.1 9.3 ± 0.2 9.1 ± 1.1 9.2 ± 0.3 1.3 575 5.4 15250+3609 1 5.4 5.2 2.4 ± 0.3 6.6 ± 0.1 6.7 ± 0.2 3.9 1.1 ± 0.4 7.5 ± 0.1 5.5 ± 0.1 9.3 ± 0.3 7.7 ± 0.2 . . . > 10 214 1.7 F18093-5744 N 3 2.9 7.2 1.9 ± 0.3 5.0 ± 0.2 5.8 ± 0.5 . . . . . . . . . . . . 7.9 ± 0.4 4.1 ± 0.1 5.1 ± 0.2 > 10 220 4.6 F18093-5744 C 1 3.5 6.2 1.6 ± 0.3 4.8 ± 0.1 5.2 ± 0.3 2.4 0.4 ± 0.4 5.7 ± 0.1 3.7 ± 0.1 7.6 ± 0.5 3.6 ± 0.3 5.6 ± 0.2 > 10 175 1.5 23128-5919 1 3.3 6.3 1.8 ± 0.3 5.7 ± 0.2 6.1 ± 0.5 2.0 0.3 ± 0.4 6.5 ± 0.2 4.5 ± 0.2 9.0 ± 0.2 7.1 ± 0.2 7.0 ± 0. (2): identified complex. Col (3): age of the young population, derived using the photometric information (Fig. 6) . Col (4): age of the young population using the EW (Hα). Col (5): internal extinction. Col (6): derived mass of the young population using the I magnitude. All masses in the table are given in log (M (M ⊙ )). Col (7): derived mass of the young population using the Hα flux. Col (8): derived age of the young component, assuming that the candidate consists of a composite population. Col(9): derived internal extinction of the composite population. Col (10): derived mass of the old population (i.e., 1Gyr), assuming a composite population (see text). Col (11): derived mass of the estimated young population, assuming a composite population. Col (12): dynamical mass. Col (13): tidal mass assuming the potential is created by the nearest galaxy. Col (14): tidal mass assuming the potential is created by a point mass at the mass center of the system. Col (15) The different criteria are explained throughout the text. The letter Y indicates that the given complex satisfies the criterion, while the letter N indicates that it fails. Symbols with a question mark are either doubtful or indicate that we do not have the data to study the criterion. The last column indicates the probability that a given complex constitutes a TDG candidate based on these criteria.
